A Parametric study is performed for the transient response of a uranium zirconium-hydride (U 0.31 ZrH 1.6 ) fuel element to boundary conditions typical to a light water reactor (LWR) accident. The diffusion of hydrogen within the fuel is treated as a function of the changing temperature profile. Temperature and hydrogen concentration dependence of thermal properties of the fuel is also considered. The set of coupled equations describing the transient conduction of heat and diffusion of hydrogen are solved simultaneously with a Crank-Nicolson time-discretization scheme for heat diffusion and an explicit scheme for hydrogen diffusion.
INTRODUCTION
Hydride nuclear fuels (uranium-zirconium hydride) have been successfully utilized in the past in many research and test reactors as well as space programs. The added presence of hydrogen in the fuel provides neutron moderation within the fuel in addition to the traditional moderator. This allows displacement of moderator with fuel, effectively increasing power density. Hydride fuels also enjoy a higher thermal conductivity than oxide fuels and possess thermally-induced hydrogen up-scattering that accompanies Doppler feedback. Uranium -zirconium hydride fuel consists of metallic α-U phase dispersed in a δ-ZrH 1.6 matrix. Maximum heavy metal loading inside the fuel is limited to 45 vol% uranium which corresponds to the fuel composition of U 0.31 ZrH 1.6 . During operation of the reactor, the temperature gradient across the fuel drives the hydrogen to the cooler regions due to the large heat of transport of hydrogen in δ-ZrH 1.6 phase (T Q = 640K) [1] . The thermal conductivity, hydrogen diffusivity, and volumetric heat capacity are all treated as mixed polynomial functions of temperature and hydrogen concentration. The effect of stress on hydrogen diffusivity is however neglected. It is therefore necessary to couple the heat conduction to the hydrogen diffusion in order to achieve accurate results in predicting the temperature and hydrogen concentration profiles both under steady state and transient operating conditions. Accurate modeling of the coupled transient behavior will provide detailed information of the stress across the fuel as well as the necessary information for predicting the possibility of excessive hydrogen release from the fuel during accidents. Please refer to Appendix A for the list of all notations accompanied with the definitions and units.
METHODOLOGY
The transient one-dimensional radial heat equation with internal heat generation and variable properties is solved simultaneously with the diffusion equation. The coupling scheme for a single time iterate is presented below along with the pertinent differential equations: A semi-implicit Crank-Nicolson scheme is used for the time-discretization [2] , while the hydrogen diffusion is solved for explicitly. The heat equation is solved for the current temperature using properties from the previous time-step and extrapolated properties for the current time step. Next, the hydrogen concentration is calculated for the current time-step using parameters only at the previous time-step. Third, the diffusivity, thermal conductivity, and volumetric heat capacity are updated with the current temperature and hydrogen concentration. This process is shown in Figure 1 where arrows denote inputs, circles are variables (dashed lines denote the previous time step), rectangles are equations, triangles are boundary conditions, and the hexagon is power (assumed independent of other variables).
Stress distribution across the material also needs to be addressed. The two sources of strain in the material arise from temperature and hydrogen concentration gradients across the fuel. Using constitutive equations coupled with the equilibrium condition and also assuming a plane strain scenario in the axial direction, a differential equation governing the radial stress across the fuel is determined (Eqn. 3). The two necessary boundary conditions are radially symmetric stress at the fuel centerline and zero radial stress at the fuel surface.
( )
The radial equilibrium condition in cylindrical coordinates is used to calculate the azimuthal stress across the fuel based on the radial stress. To determine the distribution of axial stress across the fuel, the axial stress is first calculated assuming complete restraint in the axial ( ) direction (ε z = 0). Then the difference from the average of this quantity across the fuel is denoted as the actual magnitude of axial stress [4] .
RESULTS

Steady State Results
The steady-state temperature, H/Zr ratio, and axial stress distributions were computed. The results for both a liquid metal (LM) (infinite conductance assumed) and helium (He) (conductance of 0.57 W/cm 2 .K) fuel/cladding gap are shown at linear heat rates (LHR) of 100, 200, and 300 W/cm. As expected, the fuel temperature gradient increases with LHR. The corresponding fuel temperatures are significantly higher with the He bond than the LM bond. The hydrogen concentration gradients are also steeper with increasing LHR. However the hydrogen redistribution is more severe in the case of LM bonded fuel. This is apparent by inspecting of the governing equation for the flux (Eqn. 2). The T -2 dependence of the temperature gradient term enhances its impact at lower temperatures. The largest component of stress is the axial stress, whose value is influenced by the temperature and hydrogen concentration gradients in an opposing manner. However, hydrogen-induced stresses are the dominant component, as is evident from the steady state results. Generally, the fuel surface experiences severe compression from axial and azimuthal components of stress, while all three components of stress are tensile at the central region of the fuel.
In general, the magnitude of the stresses increases with LHR due to more severe hydrogen redistribution. An exception to this is the He bonded fuel which experiences smaller stresses at a LHR of 300 W/cm than 200 W/cm. This is due to the higher average temperature (affecting the coefficient of thermal expansion of the material) and somewhat steeper thermal gradient which further counteracts the hydrogen-induced stress.
Transient Results
Four parametric transient case studies were completed with a LM gap, but only two will be discussed (cases 2 and 3). The nominal LHRs are 200 W/cm and the nominal coolant temperatures are 575K. Each case has its own characteristic power and surface temperature trace that is meant to represent a simplified accident that might occur in a LWR. The imposed transient boundary conditions and resultant transient temperature and axial stress distributions are shown. The hydrogen redistribution, although present, is miniscule since the hydrogen diffusivity is orders of magnitude smaller than the thermal diffusivity (2x10 -12 m 2 /s compared to 6x10 -6 m 2 /s).
Case 2
In case 2, the power is maintained at the nominal value while the fuel surface temperature is mildly ramped up 100K over a 50s duration. This transient is similar to what could happen during a loss of flow accident (LOFA) in an LWR. The temperature and axial stress responses are shown below: The temperature profile remains constant but shifts upwards with the gradual increase of surface temperature. The corresponding stress distribution is only slightly lowered. This is again due to the higher temperature and steeper thermal gradient that reduces the hydrogen-induced stress.
Case 3
For case 3, the power is pulsed to twice the nominal value for 2.5s and thereafter dropped to 5% while the fuel surface temperature remains constant. This case is an extreme example of a reactivity insertion accident (RIA) with a large pulse height and long pulse width, where the surface temperature response is neglected. The response of the fuel temperature and axial stress are shown below. The fuel temperature follows the power pulse, rapidly peaking and dropping down to the final state of case 1. The stress response of the fuel is interesting in that the stress is actually lowered and flattened during the power pulse. However, as the fuel cools, severe stresses corresponding only to the hydrogen concentration gradient develop. Figure 5 shows the maximum fuel temperature for various pulse heights and durations. 
CONCLUSION
Steady state and transient behavior of several aspects of the fuel operating performance have been investigated, taking into account the temperature and hydrogen concentration dependence of the fuel properties.
Steady state temperature, hydrogen concentration, and stress profiles for various linear heat rates and gap materials have been calculated. The LM bonded fuel experiences smaller average temperature, however the extent of hydrogen redistribution in the fuel is more extreme. Strains in the fuel occur from thermal and hydrogen concentration gradients, with latter being the dominant contributor. Therefore LM bonded fuel is subject to higher stresses. Axial and azimuthal stresses are both compressive at the surface and tensile at the fuel centerline. All of these results are in agreement with what was previously shown by Olander [3] .
In order to gain some understanding of the transient response of hydride fuels, several simplified scenarios were studied, for which power and fuel surface temperature were artificially altered as boundary conditions. The thermal response of the fuel to the changing boundary conditions is very quick (in order of few seconds) due to the small fuel rod and large thermal diffusivity.
There is no discernable movement in the transient hydrogen profile. The steady-state distribution on the other hand is important to know for the initial conditions. The stress and properties respond instantaneously to temperature and concentration changes.
An interesting result is that during power pulses the stress across the fuel is actually reduced. The temperature-induced stresses counteract the hydrogen-induced stress, so the fuel is in its most relaxed state during this stage in transients. The fuel experiences maximum stresses when temperature gradients diminish and the hydrogen displacement remains.
